Objective: Increased inflammatory response may be associated with adverse clinical outcomes, especially in the neonatal period. The aims of this study were to determine whether N-acetyl-cysteine (NAC), an antiinflammatory agent, attenuates the inflammatory response in young rats and to determine the most effective route of administration.
INTRODUCTION
The inflammatory response to infection is the host's most important initial defense mechanism against pathogens. An imbalance between the pro-and antiinflammatory responses may have adverse effects on the host. Severe postnatal infections lead to a systemic inflammatory response with excessive release of cytokines (interleukin-1 [IL-1], IL-8, and tumor necrosis factor [TNF]-α), which can be a stressful event for the newborn. Inflammation is associated with the generation of a large quantity and variety of free radicals and reactive oxygen species (FR/ROS) that increase the production and secretion of the cytokines. 1 In the neonatal period, infants are more vulnerable to infections. In many cases, tissue damage associated with the infection is a consequence of increased proinflammatory response rather than directly from the bacteria. 2 There is imbalance between the pro-and anti-inflammatory responses in newborns and neonates that may further increase the risk of infection in early life. Each year more than a million infants are estimated to die in their first four weeks from infections, and Gram-negative rods account for the majority of deaths. 3 The adverse effect of neonatal infection is not limited to the neonatal period and may extend into adulthood. There is intriguing evidence that some central nervous system (CNS)-mediated immune responses may be influenced by early neonatal stress. Bilbo et al. 4 found that neonatal exposure to bacteria (Escherichia coli) in rats is associated with memory impairment in adulthood, thus neonatal infection appears to create a state of "vulnerability" that extends into adulthood. This may lead to an elevation of glial cell markers and induce exaggerated IL-1β brain response in adulthood, which appears to underlie memory impairment. 5 Attenuating the immune response may decrease the risk associated with severe inflammatory response. N-acetyl-cysteine (NAC) is a known antioxidant and anti-inflammatory agent that has been shown to ameliorate the inflammatory response by blocking nuclear factor (NF)-κb activation. Several studies reported that NAC has a protective effect following lipopolysaccharide (LPS)-induced inflammation during the prenatal period. [6] [7] [8] Treatment with NAC significantly reduced neonatal brain injury associated with maternal LPS injection and attenuated maternal and amniotic fluid oxidative stress even when administered after lipopolysaccharide injection. [6] [7] [8] In this study, we sought to determine whether NAC can attenuate the inflammatory response associated with LPS stimulation in the neonatal period and to explore the preferred route of administration.
METHODS

Animals and Treatments
Five groups of Sprague-Dawley rats (Harlan SpragueDawley) were studied at age 30 days (four rats in each group). The rats were maintained in temperature (37°C) and light (06.00, lights on; 18.00, lights off) controlled facilities with access to food (Laboratory Rodent Diet 5001; LabDiet, St Louis, MO, USA), and provided water ad libitum. Lipopolysaccharide was administered intraperitoneally. Lipopolysaccharide (E. coli serotype 0111; B4, Calbiochem; Merck, Darmstadt, Germany) was reconstituted in physiological saline and administered at 50 µg/kg. N-acetyl-cysteine (Sigma, St Louis, MO, USA) was reconstituted in physiological saline at pH 6.8-7.2 and administered at 300 mg/kg per os (PO) or using intraperitoneal (IP) or subcutaneous (SC) injection. The first group (control) received IP saline injection one hour following the first saline injection, the second group received IP saline injection one hour following the LPS injection, the third group received IP NAC one hour following the LPS injection, the fourth group received PO NAC one hour following the LPS injection, and the fifth group received SC NAC one hour following the LPS injection.
The protocols and procedures for this study were approved by the Institutional Animal Care and Utilization Committee (IACUC) at The Rappaport Family Institute for Research in the Medical Sciences.
Sample Collection
Three hours following LPS injections, the rats were anesthetized with pentobarbital, and their hearts were exposed via midline incision. Blood was collected via cardiac puncture and centrifuged at 4°C to isolate serum. All samples were subsequently stored at -80°C for further processing and analyses. All samples were analyzed individually.
Statistical Methods
Statistical analysis was performed using SPSS version 21 (SPSS, Inc., Chicago, IL, USA). The normality of data was tested by the Kolmogorov-Smirnov test, and one-way analysis of variances (ANOVA) was used to analyze the differences in the protein expression between the five treatment groups. Differences were considered to be significant at P<0.05.
RESULTS
Lipopolysaccharide induced a significant increase in the neonatal serum IL-6 and TNF-α (2051.0±349 and 147.0±25.8 pg/mL, respectively; P<0.01) compared to control 10 pg/mL. N-acetyl-cysteine administered IP one hour following LPS injection significantly attenuated both IL-6 and TNF-α serum levels (294.6±23 and 17.1±4.5 pg/mL respectively; P<0.01). N-acetyl-cysteine administered SC was less effective: it decreased significantly only TNF-α (56.8±19.3 pg/mL; P<0.05), with no change in IL-6 levels. Per os administration of NAC was the least effective way to decrease TNF-α to near significant levels (77.0±15.5 pg/mL; P=0.059), with no change in IL-6 levels ( Figure 1 ).
DISCUSSION
Lipopolysaccharide significantly increased the neonatal inflammatory response in serum compared to controls. Administration of NAC one hour following LPS injection significantly attenuated the inflammatory response when administered IP, and only partly when administered PO or SC.
Early exposure to infectious agents may have significant consequences to a neonate, leading to death or significantly impacting the development and function of physiological systems throughout an individual's life. Sepsis is one of the leading causes of death in hospitalized neonates and preterm infants. 9 Every year, over 1 million neonates worldwide die within their first weeks of life due to neonatal sepsis. 3 The mortality rate associated with neonatal sepsis is higher in neonates than in children or adults. 10, 11 The tissue damage in many cases of infection is associated with the severe inflammatory response rather than with the infection. In Gram-negative bacteria, LPS from the bacterial wall initiates the inflammatory response.
Attenuating the inflammatory response may protect the neonate and have a synergistic effect with antibiotics treatment. While antibiotics may kill the bacteria, the inflammatory cascade can continue to damage tissue. N-acetyl-cysteine attenuates inflammatory responses via its antioxidant properties; in vivo NAC is converted into metabolites capable of stimulating glutathione (GSH) synthesis, promoting detoxification, and acts directly as free radical scavengers. 12, 13 In humans, administration of NAC decreased NF-κb activation associated with a decrease in IL-8 in septic patients. 14 It is intriguing that NAC administered one hour post LPS suppressed the inflammatory response in the neonate serum; as we and others 4, 15 have previously shown, proinflammatory cytokine TNF-α induction following LPS treatment reaches maximal levels in the serum within one hour and returns to control levels in 12 hours. This inhibitory effect indicates that NAC can attenuate and suppress the inflammatory response even if injected after the process has been initiated. 8 In our study, we administered NAC through different routes. The attenuated inflammatory response was evident in all three administration groups (IP, PO, and SC); however, the most significant response was demonstrated in the IP group. In previous studies, NAC was administered as an antioxidant and anti-inflammatory in animal models through different routes and in different clinical scenarios. Wang et al. 16 demonstrated that IP NAC administration was neuroprotective in eight-day-old neonatal rats in an ischemia-reperfusion model. Buhimschi et al. 14 reported restoration of maternal and fetal oxidative balance after oral administration of NAC in an LPS model; SC administration of NAC was also reported to be effective. 17 The difference in the study's protocols, routes of administration, and dosages of NAC makes it difficult to evaluate the preferred mode of delivery in the animal models. Nacetyl-cysteine is being studied in many clinical scenarios in rodents, as finding the best route of administration will inform the best methodology and validate experimental results. In this study, we demonstrated that IP administration of NAC was the superior method in attenuating neonatal inflammatory response, and IP NAC significantly decreased serum IL-6 and TNF-α levels. Intraperitoneal administration may bypass the liver, which is responsible for elimination of the drug and thus allows for higher levels of NAC to remain in the blood.
Our findings provide novel insights into the role of NAC in attenuating the inflammatory response in neonatal rats. The effectiveness of NAC is not limited to the neonatal period; previous studies reported that NAC administration is effective in treating infections and respiratory complications in adults. [18] [19] [20] To the best of our knowledge, this is the first study that addresses the question of the most effective route of NAC administration in a neonatal inflammatory rodent model. In light of the short-and longterm complications associated with neonatal infection, we hypothesize that during the "vulnerability" state antibiotics alone cannot reduce or inhibit an inflammatory process already underway. Our results suggest that NAC is a candidate agent that may be of therapeutic value in conditions associated with neonatal infection. Treatment with NAC, in addition to antibiotics, may help restore the oxidative balance, as evident in our study. In summary, we have demonstrated that, in a rat model, LPS-induced neonatal cytokine responses can be attenuated most effectively by IP NAC administration. Further research is needed to investigate the effectiveness of combining IP NAC with antibiotics in treating neonatal infection.
